Background and objectives: Higher phosphate is associated with mortality in dialysis patients but few prospective studies assess this in nondialysis patients managed in an outpatient nephrology clinic. This prospective longitudinal study examined whether phosphate level was associated with death in a referred population. Conclusions: In CKD stages 3 to 4 patients, higher phosphate was associated with a stepwise increase in mortality. As phosphate levels below published targets (as opposed to within them) are associated with better survival, guidelines for phosphate in nondialysis CKD patients should be re-examined. Intervention trials are required to determine whether lowering phosphate will improve survival.
H igher serum phosphate is associated with mortality in hemodialysis patients (1-3). There have been three studies in patients with chronic kidney disease (CKD), not on dialysis, evaluating the association of serum phosphate with mortality; two of these found a positive association (4 -6) . The relationship between serum phosphate and mortality in patients with CKD stages 3 to 5 (eGFR Ͻ60 ml/min per 1.73 m 2 ) who are not on dialysis, and who are under regular nephrological review, has not previously been examined in a prospective systematic way. Survival data according to follow-up phosphate results are also lacking in CKD patients.
The aims of this single-center study were to investigate whether an association of serum phosphate with all-cause and cardiovascular mortality could be shown prospectively in outpatients with advanced CKD (stage 5) not receiving dialysis and also in those with earlier (stages 3 and 4) CKD. The relationship of 12-month time-averaged phosphate and mortality and the influence upon survival of a serum phosphate within guideline targets was examined in this population.
Materials and Methods
The Chronic Renal Insufficiency Standards Implementation Study (CRISIS) is a single-center prospective epidemiologic study of nondialysis-dependent patients with an eGFR Ͻ60 ml/min per 1.73 m 2 under review in the outpatient clinics of Salford Royal Foundation NHS Trust. All new patients with eGFR Ͻ60 ml/min per 1.73 m 2 are approached for study entry, and those who provide informed consent are enrolled. The study has been recruiting since 2002 and its primary function is to determine factors influencing outcomes and progression of renal disease in CKD patients. Of the 1390 patients enrolled in CRISIS at the time of this analysis, 1203 had data that were available for analysis; 77 patients were excluded because of loss of follow-up and 110 patients were excluded because of lack of available baseline phosphate. All patients were followed up from recruitment into the study until either death or data lock (January 2008). Cause of death was obtained from the UK Office of National Statistics. All biochemical samples were analyzed in a single laboratory using a Roche Modular analyzer (creatinine using the compensated kinetic Jaffe method), with the exception of intact parathyroid hormone, which was analyzed with a secondgeneration assay on a Diagnostic Products Corporation Immulite 2000. Proteinuria was determined with either 24-hour urine collections or urine protein:creatinine ratio, depending on routine clinical practice at recruitment. Baseline clinical data determined at recruitment were collected for analysis including comorbidities and current medication. Cardiovascular disease was defined as previous myocardial infarction, coronary-artery bypass graft, coronary angioplasty, peripheral vascular disease, stroke, or angina. Twelve-month time-averaged phosphate was determined as the average of all serum phosphate results in the first 12 months since recruitment. All patients who had two or more phosphate results available during the 12-month period were included. Change in eGFR over 1 year (␦eGFR) was calculated using the following equation:
The CRISIS study had ethical approval and investigations were performed in accordance with the principles of the Declaration of Helsinki as revised in 2000.
Statistical Analyses
Because of the strong link between serum phosphate, eGFR, and mortality, the phosphate results were reported relative to renal function. Phosphate results were divided into quartiles relative to eGFR (calculated using a modified Modification of Diet in Renal Disease [MDRD] equation) (7) (see Figure 1 ) and adjustment was effected using a "local smoothing" technique in SigmaPlot 2001. This technique maintains the integrity of the data while reducing the "noise" and provides a "smooth line" through the middle of the data. This was then performed in the upper and lower halves of the phosphate data range to produce quartiles. This method was previously published in studies examining phosphate and mortality (5 Survival analyses on 12-month time-averaged phosphate were performed from study baseline. Survival analyses were also performed on phosphate according to categories defined by the National Kidney Dialysis Outcomes Quality Initiative (KDOQI) (the guideline in use at the time of data lock) and UK Renal Association (UKRA) guidelines (10,11). These were determined according to stage of CKD: CKD stages 3 to 4 patients were "in target" with serum phosphate 0.87 to 1.48 mmol/L (KDOQI) or 0.9 to 1.5 mmol/L (UKRA); CKD stage 5 patients were "in target" with serum phosphate 1.13 to 1.78 mmol/L (KDOQI) and 1.1 to 1.8 mmol/L (UKRA). All analyses were performed using SPSS 14.0 and P Ͻ 0.05 was considered significant.
Results
Mean (SD) eGFR of the population was 32 (15) ml/min per 1.73 m 2 , age 64 (14) years, corrected calcium 2.29 (0.14) mmol/L, and phosphate 1.2 (0.30) mmol/L. Cardiovascular disease was present in 32% of patients at enrollment and 32% of patients had diabetes. Only 7% (n ϭ 89) of patients were receiving a phosphate binder and 17% (n ϭ 199) were receiving a vitamin D analog at baseline. Because of these small numbers, further analyses of binder and vitamin D analog usage were not performed, although baseline usage was adjusted for in survival analyses. Because of the strong associations between eGFR and both mortality and phosphate, analyses were performed on phosphate relative to eGFR to overcome this potentially confounding relationship, and the demographics according to these quartiles are shown in Table 1 . This demonstrated that baseline eGFR-related phosphate quartiles were positively associated with female gender, proteinuria, diabetes, and current smokers. A negative association was seen with age, hemo- Figure 1 . Phosphate quartiles generated relative to eGFR using local smoothing technique. 64 (14) 66 (13) 65 (14) 64 (13) 61 (15) Ͻ0.0005 32 (15) 32 (15) 32 (15) 31 (15) 33 (16) 0.561 
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Proteinuria (grams per day) 139 (22) 141 (21) 138 (21) 140 (22) 138 (24) 0.338
76 (13) 76 (13) 76 (12) 77 (13) 76 (13) 0.771 PP 63 (19) 65 (19) 62 (18) 64 (19) 63 (22) 0.279
81 (18) 85 (20) 82 (17) 79 (19) 77 (17) Ͻ0.0005 BMI 28 (6) 29 (7) 29 (5) 28 (6) 27 (6) 0 globin, weight, BMI, and cardiovascular disease. There was no significant difference in mean days of follow-up from lower to higher quartiles of phosphate (P ϭ 0.8) and these were 1079, 1055, 1035, and 1036 days, respectively. Death occurred in 22% (n ϭ 271) of the total population, with 9% (n ϭ 109) because of cardiovascular causes, in a median follow-up period of 37.2 (0.5 to 64) months. There was a higher percentage of deaths in CKD stage 5 patients (62 of 167; 37%) compared with those with CKD stages 3 to 4 (209 of 1036; 20%, P Ͻ 0.001). Fifty-nine percent of CKD stage 5 patients progressed to renal replacement therapy during the follow-up period compared with only 9% of CKD stages 3 to 4 patients (P Ͻ 0.001). There was no significant difference in clinical characteristics between the study population and those patients who had been excluded from study (data not shown).
For each 0.323 mmol/L (1 mg/dl) increase of baseline phosphate, a 26% increase in all-cause mortality (HR 1.3 [1.1,1.5] P ϭ 0.01) and a 50% increase in cardiovascular mortality (HR 1.5 [1.2,2.0] P ϭ 0.002) was observed for the entire population (CKD stages 3 to 5) in multivariate analyses.
Cox regression showed no significant difference in mortality across phosphate quartiles relative to eGFR (HR 1.4 [0.9,2.2] P ϭ 0.1) when comparing the highest with the lowest quartile in CKD stages 3 to 5. Cox regression stratified according to CKD stages 3 to 4 (n ϭ 1036) and those with CKD stage 5 (n ϭ 167) showed an increase in risk of all-cause mortality in CKD stages 3 to 4 patients across the phosphate quartiles with the highest quartile having a significantly increased hazard ratio of 1.8 (1.1,3.1; P ϭ 0.02) compared with the lowest quartile Cox regression survival analysis of the 12-month time-averaged phosphate results for CKD stages 3 to 5 showed an increase in mortality across the quartiles with the upper quartile having a significantly increased all-cause mortality compared with the lowest quartile (HR 1.8 [1.1,2.9] P ϭ 0.01) ( Table 3) Cox regression was also performed according to whether or not patients had a phosphate level within the KDOQI or UKRA targets for phosphate control ( Figure 2 ; the hazard ratios stated are multifactorial adjusted analyses.
Discussion
The aim of this study was to determine, in a large nondialysis CKD population, whether an association exists between serum phosphate and mortality in patients under regular outpatient nephrological care. The CRISIS data were used, which is collected with the primary purpose of prospectively examining outcomes and progression of nondialysis CKD. We found that higher serum phosphate, even within the normal laboratory range, was associated with an increase in mortality in patients with CKD stages 3 to 4. More than 90% of our CKD stages 3 to 4 patients had a serum phosphate within the normal laboratory range and this is consistent with other studies (12) . Evidence from the Framingham offspring study suggests that differences within the normal range of phosphate are associated with increased cardiovascular risk in the general population (13) . Analyses of the ARIC study have also found an increased risk of cardiovascular events and death in association with higher "normal" range baseline serum phosphate in communitydwelling adults (14) . Although other studies have also examined the relationship of phosphate to mortality in patients with non-dialysis-treated CKD, our study differs in that it is the first single-center prospective study that has investigated nondialysis patients with CKD stages 3 to 5 who are under regular outpatient nephrological follow-up. The study population was large and patients received focused management of their renal disease, suggesting that even when under regular specialist care the mortality risk associated with serum phosphate is still significant.
Kestenbaum (5) et al. studied a large U.S. veteran population who had impaired renal function although only 10% was under regular nephrology care at baseline. The study showed that serum phosphate adjusted for creatinine clearance was associated with mortality. Patients with the lowest serum phosphate had the best survival, as in our study, with a hazard ratio Ͻ1, but this did not reach statistical significance. This study also reported a HR 1.2 (1.1,1.4) for each 1 mg/dl increase of serum phosphate in multivariate analysis, which is comparable with our results (HR 1.3 [1.1,1 .5]).
Menon (4) et al. investigated the association of serum phosphate and mortality in 840 randomized patients within the MDRD study but showed no association after adjusting for other influential factors such as GFR. Voormolen (6) et al. prospectively studied predialysis patients with eGFR Ͻ20 ml/ min per 1.73 m 2 and found an association of phosphate with progression of renal disease and mortality. Their population had much higher levels of phosphate compared with our study, which is not unexpected given the differences in renal function between the two studies (mean eGFR [SD] was 13 [5.4] ml/min per 1.73 m 2 versus 32 [14] ml/min per 1.73 m 2 in our study). Forty-eight percent of that study population had a phosphate above target range according to KDOQI guidelines compared with only 9.7% of our population; only 2% were below the target range compared with 12% in our study. In contrast to the findings of Voormolen et al., we found that in patients with CKD stage 5 the association of serum phosphate with mortality, when adjusted for GFR, was no longer significant. There are several potential explanations for this finding. Our sample size of CKD stage 5 patients was relatively small. There is no doubt that factors contributing to mortality in CKD stage 5 become more complex even before commencement of dialysis. Studies that have investigated modification of other cardiovascular risk factors, such as reducing cholesterol with statins, have shown no benefit to survival in dialysis patients perhaps because of the effects of multiple competing risk factors (15) (e.g., left ventricular hypertrophy, cardiac dilation, and arterial stiffness). Evidence of this reverse epidemiology is also seen in nondialysis patients with an eGFR Ͻ15 ml/min per 1.73 m 2 (8, 9) . Our stage 5 CKD group was biased toward even higher risk patients as those patients within CRISIS who opted for conservative care of ESRD were included. As such patients tend to have greater comorbidity and are older and more malnourished than their counterparts who had chosen to receive renal replacement therapy, or than those with higher levels of eGFR, it would be expected that in this subgroup a lower phosphate might confer a higher risk of death, conflicting with the evidence found in the larger CKD stages 3 to 4 population. Block et al. (1) have shown lower phosphate to be associated with increased mortality in hemodialysis patients, presumably partly explained by malnutrition in the sicker patients.
The 12-month time-averaged phosphate data showed a relationship between persistent elevation of phosphate and mortality. This association became insignificant when ␦eGFR was included in the multivariate model. This could be due to the deterioration of renal function being such a major risk factor for mortality that increased numbers or longer follow-up would be needed to show the effect of phosphate. Also, the time-averaged phosphate included all phosphate results analyzed within the first year after enrollment, including those during hospital admissions and in patients with acute renal impairment, whereas ␦eGFR involved only two measurements and so may miss important additional changes that had occurred during the year.
A pathogenetic link might explain the associations between mortality and higher phosphate found in this study. One plausible explanation is the involvement of phosphate in the pathogenesis of vascular calcification, which has been well documented in the literature (16 -19) . Other CKD-related disturbances can also potentially explain the association. Serum phosphate level has been associated with CKD progression (6) and left ventricular hypertrophy (20) , which are known to contribute to cardiovascular disease and death. Our results confirm an association of increasing phosphate with declining eGFR. Native vitamin D21 and the phosphatonin, fibroblast growth factor 23 (FGF23) (22) , are factors thought to have regulatory roles in mineral metabolism and abnormalities occur early in CKD before changes in calcium, phosphate, and parathyroid hormone. FGF23 is now thought to be the main regulator of phosphate homeostasis and increasing levels have been associated with mortality in hemodialysis patients, an effect independent of serum phosphate (23) . The mechanisms of this association with mortality remain unknown.
Diet could be a further explanation for the association of higher phosphate and mortality in both the general and CKD population, with higher serum phosphate perhaps reflecting a more unhealthy high phosphate diet. Conversely, an increased risk of death is seen in dialysis patients with low serum phosphate, (24,1) the relationship thought to reflect malnutrition or co-existing illness. This association was not apparent in our study of nondialysis patients and, importantly, lower serum phosphate (i.e., even below the current target ranges for CKD) seemed to be associated with improved survival. This suggests that malnutrition may be less of a problem in the nondialysis population with earlier CKD, and interestingly we found that patients with higher serum phosphate actually had lower weight and BMI.
It is possible its relationship with mortality may simply represent an association, with phosphate being co-localized with other more important factors. For example, genetic influence of phosphate control may be associated with a predisposition to cardiovascular disease, or higher phosphate may just be a marker of some other cause of cardiovascular risk and mortality. This may explain the recent finding in the CARDIA population that higher serum phosphate even within the normal range was associated with greater likelihood of coronary calcification at 15 years in a healthy young population (25) . More research is needed to investigate these possibilities.
It was interesting to note that patients who had serum phosphate below the targets recommended in the KDOQI and the UKRA guidelines (10,11) had the best survival. It should not be overlooked that guidelines for serum phosphate in CKD were devised using only studies involving dialysis patients (10,11), a potential shortcoming for guidelines that have been followed internationally and generalized to nondialysis CKD patients. Our study would suggest that in nondialysis CKD patients a lower limit, as opposed to an upper limit, for serum phosphate is not required in the guidelines.
Our study does have several limitations. Patients have been recruited into the CRISIS study consecutively since 2002, and so the length of follow-up period was not consistent. The CRISIS population is 98% Caucasian, indicative of our catchment population, and our results may not be generalizable to CKD patients of other ethnic origins. Although we assessed 12-month time-averaged phosphate, we were unable to correct for an equivalent 12-month time-averaged eGFR; hence, we could not correct for similar episodes of ill health during the 12-month period. As the majority of the patients had a phosphate within the normal laboratory range and Ͻ10% of patients were prescribed binder therapy, data relating to the effect of phosphate binder usage in the study was not analyzed, but the multivariate analyses were corrected for their use.
In conclusion, this large prospective study of CKD patients not receiving dialysis, but managed in a secondary care renal service, suggests that all-cause and cardiovascular mortality risk independently increases as serum phosphate increases in patients with CKD stages 3 to 4. Patients with phosphate levels even within contemporary CKD guideline targets were associated with poorer outcome than those with serum phosphate below the target range. This suggests that even in earlier stages of renal dysfunction a lower phosphate is associated with better survival. Intervention trials that investigate whether lowering phosphate will improve survival for patients with earlier stages of CKD are indicated.
